Abstract The objective of this study is to investigate the expression and distribution of heat shock protein 70 (Hsp70) in the intestine of intrauterine growth retardation (IUGR) piglets. Samples from the duodenum, prejejunum, distal jejunum, ileum, and colon of IUGR and normalbody-weight (NBW) piglets were collected at birth. The results indicated that the body and intestine weight of IUGR piglets were significantly lower than NBW piglets. The villus height and villus/crypt ratio in jejunum and ileum of IUGR piglets were significantly reduced compared to NBW piglets. These results indicated that IUGR causes abnormal gastrointestinal morphologies and gastrointestinal dysfunction. The mRNA of hsp70 was increased in prejejunum (P<0.05), distal jejunum (P<0.05), and colon in IUGR piglets. However, the hsp70 mRNA in ileum of piglets with IUGR was decreased. Similar to hsp70 mRNA, the protein levels of Hsp70 in prejejunum (P<0.05), distal jejunum, and colon (P<0.05) in IUGR piglets were higher than those in NBW piglets. These results indicated that the expression of Hsp70 in the intestinal piglets was upregulated by IUGR, and different intestinal sites had different responses to stress. Meanwhile, the localization of Hsp70 in the epithelial cells of the whole villi and intestinal gland rather than in the lamina propria and myenteron suggested that Hsp70 has a cytoprotective role in epithelial cell function and structure.
Introduction
Intrauterine growth retardation (IUGR) is defined as impaired growth and development of the mammalian embryo/fetus or its organs during gestation (Wu et al. 2006) . It is induced by intrauterine infection, genetic causes, congenital malformations, environmental insults, and severe malnutrition (Wu et al. 2006) . Approximately 5-10% of human infants in the world (McMillen and Robinson 2005) and 15-20% of newborn pigs (Wu et al. 2006) suffer from IUGR. In animal production, IUGR may cause permanent maldevelopment, reduce the survival rate of neonates, and decrease the feed efficiency (Wu et al. 2006 ). In addition, it negatively affects the development and function of digestive tract (Wang et al. 2005) . Studies have shown that the expression levels of growth-related proteins (Wang et al. 2005 (Wang et al. , 2008 and stress-responsible genes (Liu et al. 2008) were severely affected by IUGR. However, little is known about the effect of IUGR on the expression and function of heat shock protein 70 (Hsp70) in intestine of infants and animals.
The Hsps are a family of stress-responsive proteins found in all species. Based on their molecular weight, Hsps are classified into four major families, namely, small Hsps, Hsp60, Hsp70, and Hsp90 (Watanabe et al. 2004 ). Hsp70, one of the most abundant and best-characterized proteins in Hsps family, is a molecular chaperone involved in the folding of nascent and misfolded protein under nonstressful conditions. Hsp70 also protects the cells from various stresses (Oyake et al. 2006) . Since Hsp70 is a universal cytoprotection protein, it may enhance the tolerance to environmental changes or pathogenic conditions, increase the survival rate of stressed cells, and may also play critical role in cardiovascular diseases, organism decay, or cellular aging (Njemini et al. 2007 ). Hsp70 has been known to protect intestinal epithelial cells from toxic agents and ulcerogenic conditions in gastrointestinal mucosa, where it is important location for digestion, absorption, and metabolism of nutrients and easily suffers injury from various stresses (Watanabe et al. 2004; Oyake et al. 2006) . Overexpression of Hsp70 can accelerate ulcer healing by promoting cell proliferation, inhibiting cell apoptosis, and accelerating protein synthesis (Pierzchalski et al. 2006 ). In addition, expression of Hsps is induced to protect against physiological stress during development and differentiation (Kojima et al. 1996; Mao and Shelden 2006) . For example, differentiation of human K562 erythroleukemia cells is accompanied by elevated expression of Hsp70 (Sistonen et al. 1992) . Although there is a growing awareness regarding the protective function of Hsp70, little is known about the expression and function of Hsp70 in intestine under physiological and pathological conditions at birth. By using neonatal pigs as animal model, we investigated the expression of Hsp70 protein and mRNA in the intestine of IUGR piglets.
Materials and methods

Animals and experimental design
Pregnant sows were fed daily with a 2-kg gestating diet during the entire period of pregnancy and had free access to drinking water. The diet met the NRC (1998) requirements for nutrients. At the term of birth (day 114 of gestation), a total of ten piglets were removed from five litters and were assigned equally to two groups: normal body weight (NBW) and IUGR. A piglet was defined as IUGR when its birth weight was two standard deviations (SD) below the mean birth weight of the total population (Wang et al. 2005) , while a piglet was defined as NBW when its birth weight was within one SD of the mean birth weight of the total population (Wang et al. 2005) . Newborn piglets were killed with an injection of sodium pentobarbital (50-mg/kg body weight) and jugular exsanguinations within 2-4 h after birth without suckling. The experimental protocol was in accordance with the Guide for the Care and Use of Laboratory Animals prepared by the Institutional Animal Care and Use Committee, Nanjing Agricultural University, China.
Sample collection
The body weight of all piglets was recorded at the time of birth. In neonatal pig, the small intestine was defined as the portion of the digestive tract between the pylorus and the ileocecal valve, with the first 10-cm segment being duodenum, and was divided into duodenum, jejunum, and ileum (Wang et al. 2008) . The jejunum was further divided into proximal and distal segments of equal length. After the animal is dead, the duodenum, the proximal and distal jejunum, the ileum, and the colon were immediately sampled and then flushed with physiological saline to remove gut contents. One sample of~1 cm in length from each intestinal tissue was saved for histological and immunohistochemical analyses. The sample was fixed in 4% paraformaldehyde in 100 mmol/l phosphate buffer, pH 7.4 for 24 h. The mucosa of the rest of the intestine was scraped off with a glass slide and immediately placed in liquid nitrogen then stored at −80°C for the analysis of protein and mRNA.
Morphological analyses
Paraformaldehyde-fixed and paraffin-embedded tissue sections (5 μm thick) were stained with hematoxylin and eosin. Following the descriptions of Xu et al. (1992) , villus height (from the tip of the villus to the villus-crypt junction) and crypt depth (from the villus-crypt junction to the lower limit of the crypt) were analyzed under a light microscope. Only vertically oriented intact villus and crypts were measured. The measurement was performed on five tissue sections for each piglet. For each tissue section, 30 villus-crypt units in three different regions were measured.
Semiquantitative detection of Hsp70 by enzyme-linked immunosorbent assay
Frozen intestinal mucosa samples were homogenized in cold solution (200 mg tissues per milliliter) containing 0.15 M NaCl, 20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.1 μM E-46, 0.08 μM aprotinin, 0.1 μM leupeptin, and 0.1% NP-40 (Salokhe et al. 2006; Zhu et al. 2009 ) using Ultra-Turrax homogenizer on ice. The homogenate was centrifuged at 1,200×g, 15 min at 4°C. The supernatant fluid was collected and stored at −20°C for further analysis. The concentration of Hsp70 was determined according to the manual. Briefly, the desired number of specific antibodycoated wells (goat antiporcine Hsp70, Adlitteram Diagnos-tic Laboratories, USA) was secured in the holder. Standards and specimens were dispensed into appropriate wells. The biotin conjugate reagent was added to the specimens' wells, and the enzyme conjugate reagent was added to each well, gently mixed for 15 s, and then incubated at 36±2°C for 60 min. The incubation mixture was removed, and the microtiter wells were rinsed five times with distilled water. Residual water droplets were removed by touching the wells sharply onto absorbent paper. Then, 3,3′5,5-tetramethylbenzidine substrate solution was added to the wells, gently mixed for 5 s, and incubated at 36±2°C for 15 min. The reaction was stopped by adding stop solution and gently mixed for 30 s. The optical density (OD) at 450 nm was read within 30 min using a microtiter plate reader. The average absorbance values (A450) for each set of reference standards, control, and samples were measured, and a standard curve was constructed.
The data were expressed as OD units. The results were expressed in nanogram per milliliter according to the calibration curve obtained from serial dilutions of Hsp70 standard and were then normalized to the β-actin (goat antiporcine β-actin, Adlitteram Diagnostic Laboratories USA). This assay was performed in duplicate.
Real-time reverse transcription-polymerase chain reaction
Total RNA was isolated from the sample of intestine mucosa using Trizol (Invitrogen, CA, USA). RNA was quantified using absorption of light at 260 and 280 nm. RNA concentration was calculated using the following formula: RNA concentration ¼ A260 Â 40 Â dilution factor. T h e R N A quality was assessed by agarose gel electrophoresis. From each sample, 2 μg RNA was used to synthesize cDNA in a 25-μl reaction mixture at 42°C for 60 min with M-MLV reverse transcriptase (Promega, San Luis Obispo, USA) using oligo dT18.
The sequences of the hsp70 mRNA and GAPDH mRNA were downloaded from GenBank (accession nos. X68213, CV874334, respectively). The primer sequences were as follows: hsp70 sense primer 5′-GCCCTGAATCCGCAGA ATA-3′ and antisense primer 5′-TCCCCACGGTAGGAA-ACG3′; GAPDH sense primer 5′-GAAGGTCGGAGT GAACGGAT-3′ and antisense primer 5′-CATGGGTA GAATCATACTGGAACA-3′. Reverse transcription-polymerase chain reaction (RT-PCR) was performed in ABI 7300 RT-PCR system (Applied Biosystems USA) using SYBR Premix ExTaq™ kit (Takara, Dalian, China). The best results were obtained with 20-μl reaction mixture containing 10-μl SYBR Premix ExTaq™, 0.4-μl forward primer (0.2 μmol/l), 0.4-μl reverse primer (0.2 μmol/L), 0.4-μl ROX reference dye, 2-μl cDNA template, and 6.8 μl dH 2 O. The thermal profile for real-time PCR was 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, 60°C for 1 min. The fluorescence output of each cycle was measured upon the completion of the entire run. Cycle threshold values were calculated by the SDS software algorithms (Applied Biosystems USA) and converted into equivalent target amount using standard curve established by the calibrator. For a standard curve, tenfold dilutions of recombinant pGEM-T plasmids were made in order to give 10 6 -10 1 copies per milliliter.
Immunohistochemistry
Intestine sections were cut and floated onto albumin-coated slides then dried at 56°C, deparaffinized in xylene, rehydrated, and washed with phosphate-buffered saline (PBS) for 15 min at room temperature (RT). To enhance antigen retrieval, the sections were microwave-heated for 10 min in 0.01 M sodium citrate buffer, pH 6.0. Endogenous peroxidase activity was quenched with 3% H 2 O 2 for 10 min at RT. Unspecific binding of the antiserum was blocked by incubating the sections for 20 min at RT in a blocking solution containing 10% normal goat serum. The sections were then incubated overnight at 4°C with 1:100 diluted mouse anti-Hsp70 monoclonal antibody (SPA-810, Stressgen, Canada). After washing in PBS, the slides were incubated for 60 min at RT with the corresponding secondary biotinylated mouse antibody (Zymed Laboratories Inc. USA) at a 1:300 dilution in 1% bovine serum albumin-PBS (pH 7.4). Subsequently, the sections were incubated for 60 min in a horseradish peroxidase-streptavidin solution (Zymed Laboratories Inc. USA). Then, the sections were washed in PBS again. Positive cells were stained in brown color using 3, 3′-diaminobenzidine tetrachloride as the enzyme substrate. After rinsing in distilled water, the slides were counterstained for 3 s by Mayer's hematoxylin. The corresponding negative control sections were prepared by omitting the primary antibody San et al. 2005 ).
Statistical analysis
All data are expressed as mean±standard deviation. Results were statistically analyzed by the t test, using the Statistical Package for Social Sciences 16.0 software. P<0.05 was considered significant.
Results
Body and intestine weights of newborn piglets
In this study, IUGR piglets had a 48.9% lower (P<0.01) body weight than NBW piglets (Table 1 ). The absolute weight of all five intestinal segments was significantly lower in IUGR piglets than in NBW piglets. Furthermore, IUGR piglets had decreased the relative weights in duodenum, proximal jejunum, and ileum compared with NBW piglets (P<0.05). In colon, the absolute weight of IUGR piglets was significantly decreased (P<0.01).
Intestinal morphology
The results of the morphometric measurements are presented in Table 2 . The results showed that villus height in jejunum and ileum were both significantly lower in IUGR piglets than those in NBW piglets (P<0.01). Crypt depth in ileum was significantly higher in IUGR piglets than in NBW piglets. In addition, villus/crypt ratio of both jejunum (P<0.05) and ileum (P<0.01) was reduced in IUGR piglets compared with NBW piglets.
The levels of Hsp70 protein and mRNA in the intestine Figures 1, 2 , and 3 show the effects of IUGR on the concentrations of hsp70 mRNA and proteins in the intestine of piglets, respectively. Results indicated that the hsp70 mRNA amount in duodenum, prejejunum (P<0.05), distal jejunum (P<0.05), and colon (P>0.05) of IUGR piglets was higher than those of NBW piglets, but the hsp70 mRNA in ileum of piglets with IUGR was decreased. Meanwhile, the levels of Hsp70 protein in proximal jejunum (P<0.05), distal jejunum, ileum, and colon (P< 0.05) of IUGR piglets were increased at birth. However, the concentrations of Hsp70 in duodenum were reduced in IUGR piglets compared with NBW piglets. These results indicated that expression of Hsp70 is different among intestinal segments. In addition, the levels of Hsp70 protein and its corresponding Hsp mRNA in the duodenum and ileum of piglets differ from each other.
Immunohistochemical observation
Immunolabeling showed that the Hsp70 protein was predominantly localized in the cytoplasm of epithelial cell (Fig. 4) . The signals of Hsp70 were distributed diffusely in the epithelial cells of the whole villi and intestinal gland rather than in the lamina propria and myenteron.
Discussion
Hsp70 is one of the most abundant and best-characterized proteins in Hsp family. The expression of Hsp70 is induced by several endogenous physiological or environmental stressors, such as heat, ethanol, caloric restriction, and (Musch et al. 1999; Ren et al. 2001; Wada et al. 2006) . Hsp70 helps to maintain cells integrity in normal conditions and prevent and repair damages induced in cells and organs by various stresses. Our data clearly demonstrated that expressions of hsp70 mRNA and protein were upregulated by IUGR in intestine of piglets, and different intestinal sites had different responses to stress. The small intestine is the location for terminal digestion and absorption of nutrients (Wu 1998) . Studies have indicated that natural or experimentally induced IUGR is associated with abnormal morphologies and functions of gastrointestines (Trahair et al. 1997; Wang et al. 2005) . This is manifested as a reduction in intestinal mucosal mass, malabsorption of nutrients, and necrotizing enterocolitis. Consistent with previous results, the present study showed that villus height in jejunum and ileum was significantly decreased in IUGR piglets. In addition, IUGR piglets have significantly lower villus/crypt ratio in jejunum and ileum than NBW piglets. These indicated that intestinal functions and structure were impaired by IUGR and might be one of the reasons for the permanent effects of IUGR on later growth and development of animals.
The expression of heat shock protein is induced by a variety of chemical and physical stresses (Morimoto 2008) . Previous studies have indicated that IUGR is associated with expression of Hsps in human placentas (Michael et al. 2005; Shah et al. 1998; Wataba et al. 2004 ). However, little is known about the effect of IUGR on the expression of Hsp70 in small intestine and colon of piglets after birth. In this study, we demonstrated that IUGR upregulated the expression of hsp70 mRNA and proteins in the intestine of neonatal piglets. Several studies have shown that expressions of hsp70 mRNA and proteins were induced by IUGR in human placenta. Liu et al. (2008) demonstrated that the expression of Hsp70 in mRNA and protein levels was upregulated significantly in placental vascular disease induced by IUGR compared with normal pregnancies. Wataba et al. (2004) also indicated that IUGR induced expression of HSPs in avascular villi of placenta. Interestingly, we also found that the expression of Hsp70 is different among intestinal segments. A similar variation has been found in the induction of Hsp70 in pig after transportation (Sepponen and Pösö 2006) . In the gastrointestinal tract of pigs, weaning has been shown to cause abnormal spatial-temporal patterns of Hsp70 expression (David et al. 2002) . These imply that different intestinal sites had different responses to stress. Furthermore, animal-to-animal variation and large interspecies variation have been found in Hsp70 expression in human, rat, and pig. This may be related to two functional promoter variants of hsp70 gene and the variation in stress susceptibility (David et al. 2002; Khassaf et al. 2001; Schwerin et al. 2001) . In the present study, we also observed that the hsp70 mRNA transcription varies with its corresponding Hsp70 protein expression in the same pattern. These phenomena also exist in the turkey lymphocytes and in the guinea pig cochlea (Miller and Qureshi 1992; Gower and Thompson 1997) . The expression of Hsp70 is regulated both at the transcriptional and posttranscriptional levels (Sarge et al. 1993) . At the transcriptional level, the expression of Hsp70 is primarily regulated by HSF (Anckar and Sistonen 2007) . However, Hsp70 protein abundance is regulated at the posttranscriptional levels by a number of controls (Takenaka and Hightower 1993) . An apparent disagreement between transcription of the messenger and Hsp70 translation has already been reported (Bruce et al. 1993; Yu et al. 2008) . The mechanisms are still unknown and should be further investigated.
The increase of Hsp70 expression in the small intestine and colon of IUGR piglets may be associated with the pathological condition. As we know, neonatal piglets easily suffer from environmental stress, inadequate food intake, Fig. 3 The levels of hsp70 mRNA in the intestinal piglets. Mean differences between values for IUGR piglets and NBW piglets are indicated by *P<0.05 or **P<0.01. Values indicated are mean±SD Fig. 2 The levels of Hsp70 in the intestines of piglets (ng/ml). Mean differences between values for IUGR piglets and NBW piglets are indicated by *P<0.05 or **P<0.01. Values indicated are mean±SD and poor management. This will lead to growth retardation or even mortality. Neonatal IUGR animals have higher incidence of cardiovascular disorders (Giussani et al. 2003) , hormonal imbalance (Fowden et al. 2005) , metabolic disorders (Da et al. 2001; Giussani et al. 2003) , organ dysfunction, and abnormal development (Da et al. 2001) . Interestingly, these factors may be involved in apoptosis cascade and therefore affect the homeostasis of intestinal epithelia (Baserga et al. 2004; Jones and Gores, 1997) . The apoptosis rate of intestinal epithelia inversely correlates with villus height and crypt depth and is accelerated by oxidative stress (Marshman et al. 2001) . Many studies have shown that the expression of Hsp70 was induced to prevent apoptosis and necrosis by gastrointestinal lesion of stress (Oyake et al. 2006; Wada et al. 2006 ). In addition, it has been reported that food restriction can affect Hsp70 expression in rats (Ahmad et al. 1995) . Gasbarrini et al. (1998) reported that food deprivation induced a twofold increase in hsp70 mRNA in rat liver. This implies that inadequate nutrient supply to the fetus suffering IUGR may be one of the stimuli for higher expression of Hsp70.
The distribution of Hsp70 may be related to the protection function of molecular chaperones (Arvans et al. 2005; Yu et al. 2008) . Immunolabeling showed that the Hsp70 protein was predominantly localized in the cytoplasm of epithelial cell. Goloubinoff and De Los Rios (2007) and Daugaard et al. (2007) also reported that Hsp70 primarily localized in the endoplasmic reticulum and the mitochondria that generate the high amount of adenosine triphosphate (ATP). The expression of Hsp70 is significantly associated with the amount of ATP in cells. The expression of Hsp70 is inhibited by the high levels of ATP; however, ATP depletion markedly induced the expression of Hsp70 (Arispe et al. 2002; Martin et al. 2008) . Simmons et al. (2005) and Selak et al. (2003) have confirmed that mitochondrial ATP production was impaired in islets and muscle of IUGR rat, respectively. It is well known that ATP depletion has detrimental effects on cell homeostasis. These effects include protein aggregation, collapse of the cytoskeleton, and loss of ionic balance. Stress response and subsequent Hsp70 accumulation give rise to an ATPsparing effect (Kabakov and Gabai 1997) . Therefore, Hsp70 plays a critical role in maintaining mitochondrial integrity, function, and capacity for ATP generation, which is very important for determination of cell survival undergoing harmful stress injury. In addition, our immunohistochemical results revealed that the signals of Hsp70 were predominantly distributed in the epithelial cells of the whole villi and intestinal gland rather than in the lamina propria and myenteron. These suggested that the physiological expression of Hsp70 is selective to the intestinal epithelial cells and supported that Hsp70 has a cytoprotective role in epithelial cell function and structure.
In conclusion, Hsp70 expression was upregulated by IUGR in intestinal piglets at birth. Overexpression of Hsp70 can protect epithelial cells against physiological and pathological stress, thus maintaining morphologies and functions of gastrointestines and enhancing the survival rate of IUGR piglets. However, the mechanism of Hsp70 upregulation in IUGR piglets and protective effects of Hsp70 need further investigation. Furthermore, the increase of Hsp70 expression in the intestinal mucosa of IUGR piglets may be used as a marker to determine intestinal damage induced by IUGR.
